We sought to determine whether low-affinity, high-capacity mitochondrial Caz+ uptake contributes to buffering physiological Ca*+ loads in sensory neurons. Increases in [Ca2+] , activate a number of neuronal signaling processes (Miller, 1988) and, when excessive, may underlie neurodegenerative processes (Choi, 1987; Randall and Thayer, 1992) . [CaI+] , increases in response to Ca*+ influx through voltage-gated (Tsien, 1983; Hess, 1990 ) and receptor-gated calcium channels (MacDermott et al., 1986) as well as Ca'+ release from intracellular stores (Henzi and MacDermott, 1992) . Multiple mechanisms exist to remove Ca2+ from the cytosol (reviewed in Carafoli, 1987; Miller, 199 1) ; they are ( 1) mitochondrial Ca'+ buffering (Thayer and Miller, 1990) (2) Ca2+ binding by cytosolic proteins (Bairnbridge et al., 1992 ) (3) ATP-dependent Ca*+ efflux or sequestration (Carafoli, 199 1; Lytton et al., 199 1; Benham et al., 1992) and (4) Ca'+ efflux via Na+/Ca*+ exchange (Sanchez-Armass and Blaustein, 1987; Blaustein et al., 1991) . The relative contributions of each of these processes to Ca2+ buffering in neurons are unclear.
In rat sensory neurons, mitochondria appear to play a prominent role in shaping [Ca2+], transients (Thayer and Miller, 1990) . Studies with isolated mitochondria indicate that they have a tremendous capacity to sequester Ca*+. Ca*+ uptake by mitochondria must be considered in the context ofthe chemiosmotic hypothesis (Nicholls, 1985) . The respiratory chain utilizes the energy made available from electron transport to pump protons out ofthe mitochondrial matrix. This results in an electrochemical gradient across the inner mitochondrial membrane. Under resting conditions, ATP is generated by reentry of protons into the mitochondrial matrix through the ATP synthase. When faced with a large Ca'+ load, mitochondria take up Ca'+ via a uniporter that employs this large electrochemical potential to drive Ca2+ across the inner mitochondrial membrane. CaZe uptake takes place in lieu of H+ uptake and ATP synthesis while electron transport continues in order to maintain the electrochemical gradient (Nicholls, 1985; Gunter and Pfeiffer, 1990) . Ca" exits the mitochondria via Na+/Ca*+ exchange or by an Na+-independent mechanism that is yet to be fully characterized (Gunter and Pfeifler, 1990) . A steady state between Ca'+ uptake into and efflux from mitochondria is eventually reached. The [Ca2+], at which the steady state is reached is termed the "set point." The set point has been found to be on the order of O.S-1 PM in isolated mitochondria (Carafoh, 1987) . This relatively high set point has led to the generally held belief that mitochondria contribute to Ca2+ buffering only under the pathological conditions of Ca*+ overload. However, in excitable cells [Ca2+] , will reach micromolar levels during intense stimulation. Additionally, the mitochondrial set point in intact cells may be lower than that observed in isolated mitochondria, raising the possibility that mitochondria may transiently sequester Ca2+ during electrical activity. Indeed, it has been suggested that intramitochondrial CaZ+ serves as a means to couple energy demands to ATP production (McCormack et al., 1990) . Mitochondria isolated from rat brain have been shown to take up Ca2+ at physiologically relevant Ca'+ concentrations (Jensen et al., 1987; Rottenberg and Marbach, 1990 (Rizzuto et al., 1992) .
in this manner once every 4 min.
In light of evidence suggesting that mitochondria will seAfter completion of each experiment, the microscope stage was ad- We describe the role of mitochondria in buffering physiological in which R is the 405:495 nm fluorescence ratio (Grynkiewicz et al., 1985) . The dissociation constant used for indo-I was 250 nM and @ was Ca2+ loads and their contribution to the concomitant acidifithe ratio of the emitted fluorescence at 495 nm in the absence and cation that results from Ca*+ influx. presence of calcium. R,,,, R,,,, and p were determined in ionomycinPortions of this work have appeared in abstract form (Werth permeabilized cells in Ca2+-free buffer (I mM EGTA) and saturating .
Cal+ (IO mM Ca2+ ). The system was recalibrated following any adjustments. Values of R,,,, R,,,, and 0 ranged from 0.95 to 0.97, 8.9 to 9. I, and 2.9 to 3.8 respectively.
Materials and Methods
[H'], measurement. Measurement of [H '1, was accomplished in essentially the same manner as [Cal+] , measurement. Cells were incubated Cell culture. Neurons from the DRG were grown in primary culture as previously described (Thayer and Miller, 1990) . Briefly, the DRG from I-3-d-old Sprague-Dawley rats were dissected from the thoracic and lumbar regions and incubated at 37°C in collagenase-dispase (0.8 and 6.4 U/ml, respectively) for 20-30 min. Ganglia were dissociated into single cells by trituration through a flame-constricted pipette. Cells were plated onto laminin-coated glass coverslips (25 mm round) that had been derivatized (Weetall, 1970) . For derivatization, coverslips were refluxed 4-8 hr in 10% 3-aminourouvltriethoxvsilane in toluene. rinsed with toluene, and dried. Cover&p; were then-treated for 30 min with 2% glutaraldehyde, coated with polyomithine, and finally treated in 50 pg/ml laminin overnight. Cells were grown in Ham's F12 media supplemented with 5% heat-inactivated rat serum, 50 @ml nerve growth factor, 44 mM glucose, 2 mM L-glutamine, minimum essential medium (MEM) vitamins, and penicillin/streptomycin (100 U/ml and 100 pg/ ml, respectively). Cultures were maintained at 37°C in a humidified atmosphere of 5% CO,. Cells were used 4-9 d after plating.
in I FM carboxy-SNARF-1 acetoxymethyl ester (Molecular Probes, Inc.) for 30 min and washed for I5 min in HHSS. Excitation light was 534 f 10 nm and emitted fluorescence was measured at 580 * IO nm and 640 f 40 nm. Calibration was accomplished using nigericin to permeabilize the cells to H+ in HHSS at pH 5.0 and pH 8.3. The pK, used for carboxy-SNARF was 7.6. Values of R,,,, R,,,, and 0 ranged from 0.38 to 0.56, 2.2 to 2.4, and 1.2 to 2.1, respectively.
Data are presented as mean f SEM. Where appropriate, Student's t test was used to determine statistical significance.
Results
Depolarization of single DRG neurons by superfusion with 50 mM K+ for 30 set activated voltage-sensitive Ca'+ channels increasing [Cazi] , from 94 t 11 nM to 1222 +-112 nM (n = 14) (Fig. 1A ). Recovery to basal [Ca2+], consisted of three distinct phases including a rapid decrease in [Caz + I,, a prominent plateau (544 + 50 nM) that was maintained for 2-8 min, and finally a slow return to baseline. In parallel experiments, [H+] , was measured with carboxy-SNARF and found to increase from 74 + 3 nM (pH, = 7.13) to 107 + 8 nM (pH, = 6.97) following a 30 set superfusion with 50 mM K' (n = 12) (Fig. 1B) . The time course of the [H+], increase was similar to that of the plateau phase of the [CaZ+] , transient in these cells. Under normal circumstances H+ is pumped out of mitochondria by electron transport and reenters the mitochondria to generate ATP. We suggest that large Ca *+ loads are rapidly taken up by mitochondria in these cells and slowly released into the cytosol, giving rise to the plateau in [Ca*+], (see also Thayer and Miller, 1990) . The [H+], rise following depolarization described here is consistent with the hypothesis that Ca'+ sequestration into mitochondria occurs in lieu of H+ transport via the ATP synthase.
/Ca*+/, measurement. [Ca2 + 1, was determined using a microfluorimeter to monitor the Ca*+-sensitive fluorescent chelator indo-l (Grynkiewicz et al., 1985) . For excitation of the indo-I, the light from a 75 W Xe arc lamp was passed through a 350 t IO nm band-pass filter (Omega Optical, Brattleboro, VT). Excitation light was reflected off of a dichroic mirror (380 nm) and through a 70x phase-contrast oil immersion objective (Leitz, NA 1.15). Emitted light was sequentially reflected off of dichroic mirrors (440 and 5 I6 nm) through band-pass filters (405 i 20 and 495 -t 20 nm, respectively) to photomultiplier tubes operating in photon counting mode (Thorn EMI, Fairfield, NJ). Cells were illuminated with transmitted light (580 nm long-pass) and visualized with a video camera placed after the second emission dichroic. Recordings were defined spatially with a rectangular diaphragm. The TTL photomultiplier output was integrated by passing the signal through an 8-pole Bessel filter at 2.5 Hz. This signal was then input into two channels of an analog-to-digital converter (Indec Systems, Sunnyvale, CA) sampling at either I or 10 Hz.
Cells were loaded with indo-l by incubation in 2 PM indo-l acetoxymethyl ester (Molecular Probes Inc., Eugene, OR) for 45 min at 37°C in HEPES-buffered Hank's balanced salt solution (HHSS), pH 7.45, containing 0.5% bovine serum albumin. HHSS was composed of the following (in mM): HEPES, 20; NaCl, 137; CaCI,, 1.3; MgSO,, 0.4; MgCl, 0.5; KCI, 5.4; KH?PO,, 0.4; NaHPO,, 0.3; NaHCO,, 3.0; and glucose, 5.6. Loaded cells were mounted in a flow-through chamber for viewing (Thayer et al., 1988) . The superfusion chamber was mounted on an inverted microscope and cells were superfused with HHSS at a rate of l-2 ml/min for I5 min prior to starting an experiment. A suitable cell, defined as a rounded cell body that had extended fine processes and was isolated from other cells, was localized by phase-contrast illumination. [Cal+] , transients were elicited either by superfusion for 30 set with 50 mM K+ (K+ was exchanged for Na+ reciprocally) or by evoking action potentials with field potential stimulation (Sipahimalani et al., 1992) . Field potentials were generated by passing current between two platinum electrodes by means of a Grass S44 electrical stimulator and a stimulus isolation unit (Quincy, MA). Similar results were seen whether capacitative or direct pulses were delivered. Trains of 5-50 I msec pulses were delivered at a rate of IO Hz. Stimulus voltage required to elicit action potentials varied for each individual cell. The threshold voltage for a cell was determined prior to beginning an experiment and To test this hypothesis, we determined the effects of drugs known to disrupt mitochondrial function. Antimycin Al is an antibiotic that blocks the transfer of electrons from cytochrome b to cytochrome c, and thus inhibits the mitochondrial respiratory chain (Slater, 1973) . Antimycin is essentially irreversible (Slater, 1973) . When depolarized in the presence of 1 FM antimycin A 1, the peak amplitude of the [CaZ + 1, transient increased by 40 * 20% (N = 4) but this increase was not statistically significant. The rapid buffering and plateau phases of the [Caz +I, transient were abolished, making the duration of the [Caz+] , transient shorter (p < 0.05; Figure 2A ). In Figure 2R , application of 1 FM carbonyl cyanide chlorophenyl hydrazone (CCCP) during the plateau phase produced a large increase in [Ca" I,, whereas application of CCCP to cells at rest produced only a modest increase in [Caz+] , (see Figs. 2C, 6A ). CCCP is a lipophilic weak acid that uncouples mitochondria by dissipating the H' gradient Figure 2C , depolarizationinduced transients were elicited in the presence of CCCP and thus lacked the mitochondrial-dependent plateau phase. Removing extracellular Na+ had no effect on the rate of recovery to basal [Ca2+] , (N = 4) suggesting that Na/Ca exchange was not important in this process. These experiments were conducted in the presence of CCCP because the removal of Ca*+ from mitochondria is carried out predominantly by Na/Ca exchange. Thus, removal of extracellular Na+, which presumably decreases intracellular Na+ as well, alters the mitochondrialmediated plateau phase of the [Caz+] , transient (Thayer and Miller, 1990) . These data suggest that Ca2+ was buffered by ATP-dependent efflux and sequestration, indicating that during a brief exposure to the uncoupler, ATP levels were maintained, presumably by glycolysis. The rise in [H+] , elicited by superfusion with 50 mM K+ required extracellular Ca*+, consistent with the idea that the rise in [H+] , was secondary to an increase in [Ca2+], (Fig. 3A) . Mitochondria have been shown previously to buffer large Ca2+ loads in DRG neurons (Thayer and Miller, 1990) . However, it is unclear whether mitochondria are involved in buffering more physiological [Ca2+], loads. To address this question, trains of action potentials were elicited by electrical field stimulation and the resulting [Ca2+], transients monitored. Passing current (1 msec pulses delivered at 10 Hz) between platinum electrodes mounted in the perfusion chamber evoked action potentials. The [Ca2+], transients evoked by field stimulation were blocked by the Na+ channel blocker TTX (1 PM) (Fig. 4) and the amplitude of these responses displayed an all-or-none relationship to voltage (Piser and Thayer, 199 peak [Ca2+] , following TTX may reflect recovery of voltagesensitive Na+ channels as TTX washes out of the bath. Previously, rat DRG neurons grown in culture were shown to fire action potentials at rates well over 10 Hz (Ntxring and McBumey, 1984; Thayer and Miller, 1990) . In response to sensory organ stimulation, mammalian sensory neurons in viva have been shown to discharge at rates exceeding 50 Hz (Belmonte and Gallego, 1983) . Ten action potentials (10 Hz), elicited by electrical field stimulation, increased [Ca*+], from 98 * 6 nM to 393 + 27 nM (n = 15) (Fig. 5) . The recovery to basal [Ca2+], was described well by a single exponential corresponding to the slow, Na+-independent phase described in Figure 2C . The time constant for recovery (7) ranged from 7 to 20 set and varied between cells but was consistent for a given cell. When the train length was increased to 25-30 action potentials, a plateau phase (468 + 40 nM), characteristic of the 50 mM K+-induced [Ca2+], transients, became apparent (Fig. 5) . The recovery consisted of a rapid initial phase (r 5 2 set), a plateau, and a slow phase (T = 8-50 set). Thus, as the number of evoked action potentials is increased, the response amplitude increases initially and Ca*+ buffering kinetics are unchanged. Following larger Ca2+ loads, elicited by 15-20 action potentials in the case of the cell in Figure 5 , the amplitude remains constant and the duration of the plateau phase increases progressively with increasing number of action potentials.
In Figure 6 , the three recovery phases of action potentialevoked [Ca2+], transients are characterized in a single cell. A small CaZ+ load was elicited by a train of 10 action potentials, increasing [Ca2+] , to a peak of 336 nM, which recovered to basal levels (70 nM) by an exponential process (T = 8.5 set) (Fig. 6,  trace 1) . A train of 50 action potentials increased [Ca2+] , to 535 nM (trace 2). Recovery from this larger Ca*+ load was composed of three phases, an initial rapid phase fit well by a single exponent (7 = 0.8 set), followed by a plateau at 340 nM, and finally a slow recovery to a slightly elevated resting level. Treatment with the mitochondrial uncoupler CCCP (1 pM) produced a transient increase in [Ca2+] , , presumably due to release of residual Ca*+ stored in mitochondria. In the presence of CCCP a train of 50 action potentials produced a larger peak increase in [Ca2+], (773 nM), but this [Ca2+], transient lacked the rapid initial recovery and sustained plateau. The [Ca2+], now recovered by a single exponential process (7 = 8.6 set) (trace 3). The rate of recovery from the small Ca2+ load produced by 10 action potentials in CCCP was similar to control (r = 6.2 set) (trace 4). Note that recovery from small Ca*+ loads and large Ca2+ loads in the presence of CCCP followed similar kinetics. In contrast, when mitochondrial function was not disturbed, large Ca2+ loads were initially buffered at a ten-fold faster rate to a plateau level where [Caz+] , remained until the slower, Na+-independent, nonmitochondrial Ca2+ buffering process removed the Ca*+ from the cytoplasmic and mitochondrial pools. This high-affinity, lowcapacity Ca*+ buffering mechanism is presumably ATP-dependent efflux and/or sequestration. The results described in Figure  6 are representative of three replicates and were also seen when 1 PM antimycin Al was used in place of CCCP (N = 3).
Discussion
Under normal (i.e., resting) circumstances, H * is pumped out of the mitochondria by electron transport and reenters through the ATP synthase to generate ATP. These results suggest that when challenged with large [Ca2+], loads, mitochondria accumulate Ca2+ in lieu of protons, uncoupling electron transport from ATP synthesis. The electron transport chain pumps H+ out, across the inner mitochondrial membrane in order to maintain the electrical gradient across the inner membrane. When Ca2+ enters the mitochondria via the uniporter instead of H+ via the ATP synthase, an acidification of the cytoplasm results. A corresponding ATP depletion may occur, though the ability of glycolysis to compensate is not clear. As other Ca2+ efflux and sequestration processes reduce the cellular Ca2 i load, [Ca*+], decreases and the mitochondria slowly release CaZ+ into the cytoplasm, resulting in the plateau phase. Eventually Ca'+ is removed from the mitochondria and subsequently the cytoplasm, presumably by ATP-dependent efflux or sequestration (Benham et al., 1992) .
In these experiments we did not observe any contribution of Na/Ca exchange to Ca2+ buffering. However, our recordings were from the cell bodies of DRG neurons, and recent evidence suggests preferential localization of the Na/Ca exchanger to nerve terminals (Luther et al., 1992) . Thus, in DRG somata, mitochondria, and Ca*+ ATPases are the dominant Ca2+ buffering mechanisms.
The drugs used to disrupt mitochondrial function could potentially affect other cellular processes. Recent reports have demonstrated that nonmitochondrial CaZ' pools can be disrupted by carbonyl cyanide trifluoromethoxyphenyl hydrazon (FCCP), an analog of CCCP (Jensen and Rehder, 199 1; Ruben et al., 1991) . In Helisoma neurons, FCCP induced a rise in [Ca2+] , that persisted indefinitely and was unaffected by prior depletion of mitochondrial Ca2+ stores (Jensen and Rehder, 199 1) . In contrast, the response we observed to CCCP was transient in nature; when CCCP was applied to resting cells, we saw a slight rise in [Ca2+] , that declined back to basal [Cal+] , in the continued presence of the uncoupler (Figs. 2C, 6A sients produced a large increase in [Ca2+], followed by a return to baseline while the uncoupler was still present (Fig. 2B) . Thus, during intense stimulation, mitochondria contain significant amounts ofCa*+ that is slowly released during the plateau phase. Additionally, antimycin A 1, which inhibits mitochondrial respiration by blocking electron transport, produced similar results, indicating that in our experiments CCCP exerted its effect through disruption of mitochondrial function. Temporary loss of mitochondrial function could affect [Ca*+], homeostasis through a drop in cellular ATP levels. However, Ca*+ influx through voltage-gated Ca2+ channels, which may require phosphorylation for optima1 function, was not significantly impaired since peak [Ca*+], actually increased when the mitochondria were poisoned ( Figs. 2A,B; 6 ). Furthermore, Ca2+ efflux from these cells is carried out primarily by Ca2+ ATPases (Benham et al., 1992) . Thus, buffering would be slowed by a drop in ATP but Ca2+ buffering kinetics for small Ca2+ loads remained unchanged after CCCP treatment (Fig. 6) . Cultured cells are known to have robust glycolytic metabolism that may be able to compensate for a loss of mitochondrial function in our experiments (McConnell et al., 1992 (Meyer et al., 1992) . Activation of specific transcriptional events mediated by increases in [Ca2+], may be enhanced by a lengthened [Ca2+], transient (Morgan and Curran, 1988) . Similarly, Ca2+ -activated K+ channels and Ca*+-dependent inactivation of Ca*+ current would likely be influenced by a lengthened [Ca*+], transient (Eckert and Chad, 1984; Kohr and Mody, 1991) . Following treatment with 2.5 PM CCCP, Ca2+-activated K+ current was enhanced in molluscan neurons while the decline of this current similarly sensitize neurons to Ca2+-mediated toxicity. Indeed, MitbchondrialCa2+ sequestration may play a protective role as well. Ca2+ overload has been implicated in a number of neurodegenerative disorders, especially those thought to be mediated by excitatory amino acids (Choi, 1987; Randall and Thayer, 1992) . Central neurons lacking calcium-binding proteins were shown to deteriorate in response to continuous afferent stimulation (Scharfman and Schwartzkroin, 1989) . Intracellular application of calcium chelators protected these neurons certain neurodegenerative disorders have been linked to maternally inherited mutations of mitochondrial genes (Harding, 199 1; Wallace, 1992) . We have demonstrated that mitochondria buffer Ca*+ very rapidly, thereby blunting the peak of the depolarization-evoked [Ca*+], transient but lengthening the transient considerably. Thus, the ability to distinguish large Ca*+ loads from small loads is retained while the exposure to high, possibly harmful, Ca2+ levels is limited.
Acidification of the cytosol following CaZ+ influx has been described previously in molluscan neurons (Meech and Thomas, 1977; Ahmed and Connor, 1980; Meech and Thomas, 1980) . A number ofprocesses are modulated in part by pH,. Dissipation of proton gradients leads to release of Ca2+ from intracellular stores (Jensen and Rehder, 199 1; Ozawa and Schulz, 199 1; Ruben et al., 199 1) . Changes in pH, may be important in activating transcription in response to mitogens and growth factors (Ganz et al., 1989) . Many transport processes are proton coupled and thus pH dependent. Of particular importance to neuronal function are neurotransmitter transporters (Bouvier et al., 1992) . That Ca2+ overload will trigger neurotoxic processes is clear, whether the marked acidification that accompanies large Ca2+ loads in sensory neurons also contributes to cytotoxicity remains to be determined. In liver cells, acidification of the cytosol was shown to play a protective role (Currin et al., 1991) .
Sensory neurons respond to appropriate stimuli with trains of action potentials (Matthews, 193 1) . In culture, rat DRG neurons are capable of firing action potentials at frequencies greater than 10 Hz (Neering and McBumey, 1984; Thayer and Miller, 1990) . In viva, trains of action potentials firing at frequencies in excess of 50 Hz have been recorded from the carotid sinus baroreceptor during mechanical stimulation of the appropriate vessel wall (Belmonte and Gallego, 1983) . Clearly, the stimulus intensity at which we observed a mitochondrial contribution to Ca*+ buffering was well within the physiological range.
In conclusion, we have demonstrated that mitochondria can contribute to buffering physiological Ca*+ loads in neurons. Mitochondrial Ca2+ buffering alters the profile of action potential induced [Ca2+], transients, potentially influencing Ca2+-mediated intracellular signaling processes. Additionally, the acidification arising from mitochondrial Ca2+ buffering may play a role in signaling processes or influence the toxicity that can result from Ca*+ overload. The importance of mitochondrial Ca*+ sequestration to Ca*+ buffering increases relative to other processes as the size of the Ca2+ load increases. While this attribute may be useful in attenuating Ca 2+ overload, we have shown that the mitochondrial contribution to Ca2+ buffering is not limited to pathological situations, but rather, plays an important role in shaping physiological [CaZ+] , transients.
